The cleaning of membranes used for drinking water production or for separation processes 
INTRODUCTION
For filtering particles out of solutions membranes with largely varying properties are used. While the particles are retained on the feed side, the cleaned liquid (e.g., water) is obtained on the permeate side. This operation can also be used for other solvents or particle carrying liquids than water, for example for specialised industrial separation technologies. Therefore, the intention often is the cleaned liquid, but it may also be the recovery of substances out of the solution. Common to all membrane separation processes is that the particles accumulate on the membrane surfaces. For the filtering process not to be limited up to shutdown of operation, it is necessary to remove the particle layers. In approved systems this is done by backflushing from the permeate side of the membranes, that means the reversal membrane filtration process. When the membrane is driven by out/in mode and submerged into an open filtration tank, it is possible to flush the outside of the membranes with air bubbles from the bottom of the membrane stack. This bubbles also help in removing the particles by shearing effects. But even this actions are not sufficient: the membranes have to be cleaned by chemicals time and again. For that purpose, a shutdown of the membrane filtration plant is necessary and mostly includes expensive waste disposal. To avoid these drawbacks earlier studies already investigated the cleaning of membranes with the help of ultrasound [1] . However, in many cases the membrane integrity could not be secured [2] . Another problem with ultrasound discussed in the literature is the expensiveness of operation due to high energy consumption reported. In the filtering and cleaning process described in the present paper (see also [3, 4] ) these issues are taken care of. The system described is effective and lacks the drawbacks just mentioned.
EXPERIMENTAL ARRANGEMENT
For an effective membrane separation process it is essential to find a suitable membrane stack and, for ultrasonic cleaning, an appropriate configuration for the application of ultrasound. Of great importance when using ultrasound is the correct adjustment of the different parameters frequency, intensity, sonication duration and sound propagation direction. Finally, the cleaning operation has to be integrated into the filtration process for optimal use. 
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For the investigations a stack of polymeric flat sheet membranes was selected and submerged into an open filtration tank containing the raw water. The membrane stack consists of twenty parallel, stacked flat sheet membrane pockets with a distance of 1.25 cm from each other. These membranes are the first flat sheet membranes constructed for backflushing. This membranes are driven in negative pressure mode by a suction pump on the permeate side. The particles then will accumulate on the outer, visible side of the membranes. This process is called out/in operation. Two ultrasonic transducers are submerged into the filtration tank opposite to each other with the membrane stack in between and sideways to the stack (see Fig. 1 ). They have a distance to the membrane stack of 12 cm. The sound is emitted in a direction parallel to the membrane surfaces. Therefore, a frequency must be chosen that is high enough to establish a sound field between the soundsoft membranes [5, 6] . Half a wavelength (or multiples thereof) must match the distance between the polymeric membrane surfaces. Moreover, the intensity must be high enough to exceed the cavitation threshold, otherwise there will be no cavitation bubbles generated for cleaning the membrane surfaces [7] . Sonication duration must be kept as short as possible to save energy and to keep the operation economic.
Next, the membrane cleaning process must be integrated into the filtration process in a way that promises highest benefit for process optimization. After many trials, the cleaning process finally was realized as a combined ultrasound-air backflush process (see Fig. 2 ). It has been called USL-process, "L" taken from the German "Luft" = air. The filtration-cleaning cycle begins with a prolonged filtration phase, then a short relaxation phase for the membranes whereby the plant is prepared for backflushing by stopping the suction pump. Subsequently, the two backflush phases of the combined process follow for removing the particles from the membrane surface. In the first phase of backflushing with permeate simultaneously ultrasound is applied, in the second phase ultrasound is turned off and air bubbling is started from the foot of the membrane module while backflushing with permeate. After this step a second relaxation phase follows before the next filtration phase to produce clean water starts anew. This procedure proved the most beneficial one in terms of cleaning efficiency. Any other chronology tested did not clean the membrane effectively. For instance, sonication simultaneously with filtration leads to a significantly lower permeability of the membrane and to a bad water quality.
The process described was tested by operation of a pilot plant that was running with raw water out of the river Rhine at the Rhine Water Works in Biebesheim/Germany. It was build up of two similarly configured lines, one of them containing two ultrasonic transducers for irradiating the membrane stack as shown in Fig. 1 . Additionally, an online turbidity measuring instrument and a particle counter for surveying the water quality are adapted to measure the membrane integrity. That way, by comparing both lines under the same conditions, the effect of ultrasound can be singled out.
Figure 2: The filtration-cleaning cycle (USL-process).
The membranes chosen are ultrafiltration membranes with a cut-off of 150 kD, (comparable to a molecular weight of 150 000 g/mol). They retain bacteria and most viruses. The polymeric membrane comes equipped with a highly hydrophilic surface for particles not to affix too strongly for helping in the cleaning process. These features qualify the membrane for producing drinking water out of surface water.
RESULTS
With an appropriate frequency and intensity together with the given membrane distance from each other, sonication periods of as short as 15 seconds are sufficient in the USLprocess to effectively clean membranes. With sonication several times higher permability values than without sonication can be reached. The frequency finally used is 130 kHz with a power of up to 4000 W (both transducers). The intensity then is 2.1 Watt/cm² on the transducer surface. The sonication is done in sweep mode (the frequency is periodically changed for a few kHz) so that the cavitation bubbles generated are prevented from forming stable localized cloud patterns, but are forced to move. The vital influence of the cleaning frequency is demonstrated in Fig. 3 . Surprisingly, the lower frequency of 35 kHz does not show a cleaning effect as seen in the increase of the suction pressure when switching from 130 kHz to 35 kHz (see the red ellipses in Fig. 3 ). It is also noted that resuming sonication at 130 kHz does not restore the previous suction A sound field with a frequency below f cr cannot propagate in the space between the membranes [5] .
The temperature must be taken into account as well, as the permeability depends on temperature. Here the measured values are normalized to a temperature of 20 °C to make measurements at different water temperatures comparable. To show the influence of temperature in the diagrams both the original values and the normalized values are given.
The dominant impact of the USL-process can already be seen when starting with new membranes (that only ran a short time before). A direct comparison of the permeability of two membrane stacks with and without additional ultrasonic cleaning in a parallel run is given in Fig. 4 . When sonication is turned on, the permeability of the stack with ultrasound assisted cleaning immediately rises to about three times the permeability of the line without sonication. When sonication of the ultrasound line is turned off, the permeability approaches the values of the other line. When the ultrasound is turned on again, the permeability rises strongly again, but not up to the same values as before. Even 50 percent of ultrasonic power (2000 W) are sufficient to reach a constant permeability. The result is that the membranes should be kept as clean as possible all the time and that even slight cake layers should be removed for optimal filtration conditions. Degraded membranes are difficult to restore as already seen in Fig. 3 . It can be seen, that even with slight cake layers the USL-process is of superior performance.
Figure 4:
Comparison of the USL-process with the standard process (air bubbling while backflushing only).
To test the performance limits of the membranes surface water out of the river Rhine with a turbidity up to 150 FNU has been taken directly as feed water. Of interest is the attainable water quality under these conditions. For this investigation the pilot plant was equipped with an overflow so that when filling up the filtration tank discontinuously with raw water some water is disposed. This was for the turbidity not to rise up too high and concentrate not too much particles in the filtration tank.
In Fig. 5 the filtration results with raw water directly out of the river Rhine with a turbidity of 60-80 FNU are given. The figure shows the permeability of both lines, with and without ultrasound. Both lines begin with very high permeability because of a prolonged time of membrane recovery by relaxation (three months). The permeability strongly went down for two days in both lines despite of application of ultrasound in line 1 that, however, showed by far the better permeability values. The ultrasound line suddenly recovered in a kind of "cleaning shock". It then remained on a high permeability level, while the other line kept low in permeability. At the 7th day of the experiment the filtration phase was extended from 30 min to 45 min. In Fig. 6 covering the same days as in Fig. 5 it can be seen that no degradation of the permeate quality took place but the permeability decreased. So it turned out that 30 min are the optimal filtration time.
The cleaning shocks seem to imply damage of the membranes. But, when looking at the turbidity data (Fig. 6) it can be seen that after a start with high values in the beginning the values are constantly low afterwards. Therefore it can be concluded that no damage has taken place. Why these rapid pressure releases occur can not be completely explained yet. It may be possible that the particle layers need to have a minimum thickness before they can be removed from the membrane surface. Because the suction pump is working in constant flow mode (producing the same amount of permeate per time) it may be possible that it takes some time for readjustment of pressure after alteration of the operating conditions effected by jumps in cake layer removal. Although the cleaning shocks are not connected with membrane damage, it is an important topic to be pursued in future investigations. In the cleaning test just reported, only 15 seconds of sonication in the USL-process are enough to keep the permeability high and to obtain a sustained cleaning of the membranes. It is noticed that each time when low transmembrane pressure is measured the turbidity data are slightly lower compared to the data at higher transmembrane pressure. This effect can be seen in Fig. 7 . As a result it can be stated that ultrasonic cleaning in the given configuration and with the given processing steps combines two positive properties: The enhancement of permeability and the improvement of water quality. Through the enhancement of permeability it is possible to save energy for the suction pump because of the production of the same amount of litres of permeate with less power. However, the energy consumption for ultrasonic cleaning depends on the quality of raw water, as might have been expected. Depending on turbidity, it ranges from 0.034 kWh/m³ to 0.168 kWh/m³ of permeate produced. For comparison, the ozonization of a conventional water treatment plant needs 0.5 kWh/m³ of cleaned water just for this single treatment step in a process chain comprising precipitation, flocculation, sedimentation, ozonization, multi-layer filtration, active carbon filtration.
The cleaning mechanism for this type of ultrasonic cleaning works with cavitation bubbles that are organized in cavitation bubble clouds in a complex manner. Due to the fact that the polymeric membranes have a lower acoustic impedance than the raw water to be cleaned the nodes in a standing sound field are arranged on the membrane surfaces. The sound antinodes are located between the membrane sheets. Because of the primary Bjerknes forces small cavitation bubbles below their resonance frequency are driven to and stay in the area of the sound antinodes. There they grow by rectified diffusion and coalesce through the action of the secondary Bjerknes forces until they reach their resonance radius. At this moment they start to move slowed by drag forces of the water to the sound nodes on the membrane surfaces. There they oscillate and move around in the standing sound field and detach particles from the membrane surfaces or even stripes of the cake layer as observed floating on the water surface of the filtration tank (see Fig. 8 for a visualization of bubble behavior). Here, the cleaning results are due to soft cavitation on the membrane surfaces, whereas strong or inertial cavitation is restricted to the bulk of the liquid. This explains why there is no membrane damage. Even after three years of use in filtration operation in the pilot plant the membranes were not affected adversely. This result was confirmed by turbidity measurement, particle counting, chemical-microbiological analyses and bubbling tests of the membranes. Table 1 shows what membrane distance has to be chosen for a given frequency. The most useful frequencies are in the range between 70 and 260 kHz. Higher frequencies are not recommendable in combination with polymeric membranes, because their flexibility leads to deviations of the membrane distance and too small a distance can not be maintained for sure. This, on the other hand, would be possible with hard ceramic membranes enabling high packing densities. However, a packing density with strongly below two centimeters of spacing may not be applicable in many cases. The membrane spacing also depends on the contamination of the raw water and its load density. Heavily loaden liquids may need large spacings for secure operation. 
CONCLUSIONS
The combined ultrasound-air process (USL-process) in the configuration described has been proven successful in each aspect investigated. In view of the superiority of this process for membrane filtering of surface water over presently used standard procedures it is imaginable that also new industrial membrane separation processes may be realizable and open up new possibilities of application. Existing processes could be optimized explicitly without need of any cleaning chemicals.
Moreover, it would be interesting to investigate whether the USL-process could also be used for ultrasonic cleaning of ceramic membranes. Should the ceramic membranes react sound hard, they would attract inertial cavitation and would be prone to damage. Bubble layers on the surface may alter this behavior. Economically important are reverse osmosis membranes. In this application, because of the required high transmembrane pressures, filtration can only be done in positive pressure mode instead of suction mode. Hence, it will be difficult to find a suitable configuration. The ultrasound, however, is applied in a phase of no filtration so that it might be possible to switch to low transmembrane pressures in this phase.
It is possible to use this process technology even in regions without infrastructure. There, the energy consumption may be covered by energy of solar panels and wind generators. So even there drinking water can be produced sustainably avoiding chemical waste.
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